Under secondary metabolic conditions the white rot basidiomycete Phanerochaete chrysosporium rapidly mineralizes 2,4,5-trichlorophenol. The pathway for degradation of 2,4,5-trichlorophenol was elucidated by the characterization of fungal metabolites and oxidation products generated by purified lignin peroxidase (LiP) and manganese peroxidase (MnP). The multistep pathway involves cycles of peroxidase-catalyzed oxidative dechlorination reactions followed by quinone reduction reactions to yield the key intermediate 1,2,4,5-tetrahydroxybenzene, which is presumably ring cleaved. In the first step of the pathway, 2,4,5-trichlorophenol is oxidized to 2,5-dichloro-1,4-benzoquinone by either MnP or LiP. 2,5-Dichloro-1,4-benzoquinone is then reduced to 2,5-dichloro-1,4-hydroquinone. The 2,5-dichloro-1,4-hydroquinone is oxidized by MnP to generate 5-chloro-4-hydroxy-1,2-benzoquinone. The orthoquinone is in turn reduced to 5-chloro-1,2,4-trihydroxybenzene. Finally, the 5-chlorotrihydroxybenzene undergoes another cycle of oxidative dechlorination and reduction reactions to generate 1,2,4,5-tetrahydroxybenzene. The latter is presumably ring cleaved, with subsequent degradation to CO2. In this pathway, the substrate is oxidatively dechlorinated by LiP or MnP in a reaction which produces a quinone. The quinone intermediate is recycled by a reduction reaction to regenerate an intermediate which is again a substrate for peroxidase-catalyzed oxidative dechlorination. This pathway apparently results in the removal of all three chlorine atoms before ring cleavage occurs.
Chlorophenols constitute a significant category of pollutants which have been produced on a large scale. 2,4,6-Trichlorophenol (2,4,6-TCP) and pentachlorophenol have been used extensively as wood preservatives and pesticides (11, 27) . In addition, 2,4-dichlorophenol and 2,4,5-TCP are used as precursors for the synthesis of the herbicides 2,4-dichloro-and 2,4,5-trichlorophenoxyacetic acids, respectively (11, 27) . Of the six isomers of TCP, the 2,4,5-isomer and the 2,4,6-isomer are considered priority pollutants (29) .
The white rot basidiomycetous fungus Phanerochaete chrysosporium is capable of effectively degrading polymeric lignin and lignin model compounds (5, 16, 20, 22) . Two extracellular heme peroxidases, lignin peroxidase (LiP) and manganese peroxidase (MnP), as well as an H202-generating system, are thought to constitute the major components of this organism's extracellular lignin degradative system (16, 18, 22, 36) .
The degradation of a variety of environmentally persistent pollutants by this organism also has been reported (4, 7, 17, 21, 24, 26, (30) (31) (32) (33) . In several of these studies, the use of 14C-labeled compounds demonstrated mineralization. However, for the most part the pathways utilized by P. chrysosporium for the degradation of pollutants have not been elucidated. Recently, we reported on the pathways involved in the degradation of 2,4-dichlorophenol (32), 2,4-dinitrotoluene (31) , and 2,7-dichlorodibenzo-p-dioxin (33) and sug- gested that LiP and MnP, as well as intracellular enzymes, are involved in these reactions.
In this report, we examine the degradation of the priority pollutant 2,4,5-TCP by P. chrysosporium. We demonstrate the involvement of LiP, MnP, and quinone reduction in this degradative pathway. * Corresponding author.
MATERIALS AND METHODS
Chemicals. All chemicals obtained commercially were purified by recrystallization prior to use. 2,4,5-TCP (compound I) and 2,5-dihydroxy-1,4-benzoquinone were obtained from Aldrich. 2,5-Dichloro-1,4-benzoquinone (II) was obtained from Kodak. 1,2,4-Trihydroxybenzene was obtained from Lancaster Synthesis (Windham, N.H.). U-14C-ringlabeled 2,4,5-TCP (I) (10.2 mCi/mmol) was obtained from Sigma.
Preparation of substrates. 2,5-Dichloro-1,4-hydroquinone (compound III) and 1,2,4,5-tetrahydroxybenzene (IX) were prepared by the quantitative reduction of 2,5-dichloro-1,4-benzoquinone (II) and 2,5-dihydroxy-1,4-benzoquinone, respectively, by using sodium dithionite in water as previously described (9). 5-Chloro-4-hydroxy-1,2-benzoquinone (X) and 4,5-dihydroxy-1,2-benzoquinone (XI) were prepared from 5-chloro-1,2,4-trihydroxybenzene (VIII) and 1,2,4,5-tetrahydroxybenzene (IX), respectively, by using one equivalent of sodium periodate in water (1) . The quinone products were converted to their phenazine derivatives as described earlier (33) .
2,5-Dichloro-4-methoxyphenol (V) and 2,5-dichloro-1,4-dimethoxybenzene (VI). 2,5-Dichloro-1,4-hydroquinone (compound III) (400 mg) was methylated with dimethylsulfate (280 mg) in refluxing acetone for 3 h as described elsewhere (9) . After removal of the acetone under reduced pressure, water (20 ml) was added, and the reactants were extracted with ethyl acetate. The products, compounds V and VI, were purified by preparative thin-layer chromatography (ethyl acetate/hexane ratio, 1:3).
5-Chloro-1,2,4-trihydroxybenzene (VIII). 1,2,4-Trihydroxybenzene (1 g) was refluxed with N-chlorosuccinimide (1.06 g) and dibenzoylperoxide (10 mg) in ether (100 ml) for 3 h (12 Culture conditions. P. chrysosponum OGC101 (2) was grown from a conidial inoculum at 38°C in stationary culture (25 ml/250-ml flask) as described previously (8, 15) . The medium used in this study was that described previously (15, 23) , with 2% glucose and either 1 Chromatography and spectrometry. GCMS was performed at 70 eV on a VG Analytical 7070E mass spectrometer fitted with an HP 5790A gas chromatograph and a 30-m fused silica column (DB-5; J&W Science). The oven temperature was programmed to rise from 70 to 320°C at 10°C/min. Quantification of products was carried out on an HP 5890 II gas chromatograph equipped with the type of column described above and a flame ionization detector. Products were also analyzed by HPLC with an HP LiChrospher 100 RP-8 column, using 0.05% phosphoric acid-acetonitrile (starting at 90:10 for 5 min and following a linear gradient from 15% acetonitrile in 0.05% phosphoric acid to 100% acetonitrile over 20 min) with a flow rate of 1 ml/min. Products were identified by comparison of their retention times on GC and HPLC and of their mass fragmentation patterns with chemically prepared standards. Yields were quantitated on GC and/or HPLC by using calibration curves obtained with standards. The A297 of HPLC hydroquinone peaks was monitored, while the A254 of quinone peaks was monitored. 'H NMR was performed on a Brucker AM-300 WB NMR spectrophotometer (operating frequency, 300. (VI) (7.4) FIG. 2. Metabolites identified from the P. chrysosporium degradation of 2,4,5-TCP and pathway intermediates. Cultures were incubated and extracted, and products were analyzed as described in the text. HPLC was used to determine the yields of quinones. GC was used to determine the yields of other compounds. Percent yields of products or remaining substrate for incubations of 24 h (in parentheses) and 6 h (in brackets) are indicated. t, trace.
quinone (III) to compound II. In contrast, both compound II and 5-chloro-4-hydroxy-1,2-benzoquinone (X) were identified as products of the MnP oxidation of the hydroquinone (III) (Fig. 3) . Compound X was identified as its phenazine derivative and also as 5-chloro-1,2,4-trihydroxybenzene (VIII) after reductive acetylation. MnP also oxidized 2,5-dichloro-4-methoxyphenol (V) to the quinone (II), whereas the oxidation of this substrate by LiP resulted in extensive polymerization. Attempts to oxidize 2,5-dichloro-1,4-dimethoxybenzene with LiP were not successful under the conditions used. Finally, MnP oxidized 5-chloro-1,2,4-trihydroxybenzene (VIII) to 5-chloro-4-hydroxy-1,2-benzoquinone (X) and 4,5-dihydroxy-1,2-benzoquinone (XI). Compound XI was identified as its phenazine derivative and also as 1,2,4,5-tetrahydroxybenzene (IX) after reductive acetylation. The yields of quinone products obtained in these reactions are probably underestimates, given their propen- a Products identified from the P. chrysosporium metabolism of 2,4,5-TCP and intermediates. Cultures were incubated and extracted, and products were analyzed as described in the text. Also, products from the oxidation of various intermediates by purified LiP, MnP, and crude cell extracts were identified.
Reaction conditions and analysis were as described in the text. In all cases, the retention times and mass spectra of standard compounds were essentially identical to those of substrates and metabolites. sity for polymerization. Indeed, significant polymerization, as measured by the formation of an insoluble precipitate, occurs during these enzymatic reactions. The mass spectra of these enzyme oxidation products and derivatives are listed in Table 1 .
Reduction of 2,5-dichloro-1,4-benzoquinone. As shown in Table 2 , 6-day-old washed and resuspended cells readily converted 2,5-dichloro-1,4-benzoquinone (II) to 2,5-dichloro-1,4-hydroquinone (III), 2,5-dichloro-4-methoxyphenol (V), and 2,5-dichloro-1,4-dimethoxybenzene (VI). By comparison, only minimal conversion of the quinone (II) to the hydroquinone (III) occurred in 6-day-old filtered extracellular medium.
DISCUSSION
White rot basidiomycetous fungi are primarily responsible for the initial depolymerization of lignin in wood (5, 16, 20, 22) . The best-studied white rot fungus, P. chrysosponum, degrades lignin during secondary metabolic (idiophasic) growth (5, 15, 16, 20, 22, 23) . Under ligninolytic conditions P. chrysosporium secretes two heme peroxidases (LiP and MnP), in addition to an H202-generating system (5, 16, 20, 22) . These two peroxidases appear to be primarily responsible for the oxidative depolymerization of this heterogenous, random, phenylpropanoid polymer (3, 16, 18, 20, 22, 36) .
Other studies have demonstrated that P. chrysosporium is capable of mineralizing a variety of persistent environmental pollutants (4, 7, 17, 21, 24, (30) (31) (32) (33) . Recently, the P. chrysosporium degradative pathways for the pollutants 2,4-dichlorophenol (32), 2,4-dinitrotoluene (31), and 2,7-dichlorodibenzo-p-dioxin (33) were elucidated in our laboratory. These studies demonstrate that oxidative, reductive, and methylation reactions are involved and that both LiP and MnP play important roles.
In the present study, the fungal degradative pathway for 2,4,5-TCP is reported for the first time. Our results demonstrate that P. chrysosponum extensively mineralizes 2,4,5-TCP (compound I) only under nutrient nitrogen-limiting conditions (Fig. 1) , suggesting that the lignin degradative system is at least in part responsible for the degradation of this pollutant. Under secondary metabolic conditions the initial rate of mineralization of 2,4,5-TCP (I) is very rapid. Approximately 40% of the starting material is mineralized to CO2 in 2 days. Under identical conditions only 10% of 2,4-dichlorophenol is mineralized (32) . This suggests that the additional chlorine atom in 2,4,5-TCP (I) may help to prevent polymerization reactions which would inhibit degradation. Sequential identification of primary metabolites produced during 2,4,5-TCP (I) degradation and subsequent identification of secondary metabolites after the addition of synthesized primary metabolites to cultures have enabled us to propose a pathway for the degradation of this pollutant (Fig.  4) .
The first step in the pathway is the oxidation of 2,4,5-TCP (I) to 2,5-dichloro-1,4-benzoquinone (II) by either LiP or MnP. Similar oxidative dechlorination reactions catalyzed by LiP (19, 32) and by MnP (32) II), is not a substrate for either LiP or MnP. 2,5-Dichloro-1,4-hydroquinone (III) was identified as the major metabolite obtained from the benzoquinone (II), suggesting that quinone reduction is the next step in the pathway (Fig. 4) . A similar quinone reduction step was observed in the degradation of 2,4-dichlorophenol (32) . Chloroquinones are strong oxidizing agents which may be converted to the corresponding hydroquinone either enzymatically or nonenzymatically. The results in Table 2 were incubated at 38'C for 30 min. Cells and extracellular media were prepared and the products were analyzed as described in the text.
b HPLC was used to determine the yields of the quinone (II) and the hydroquinone (III). GC was used to determine the yields of the methylated products. Percent yields of the products and remaining quinone are indicated. (Fig. 3) demonstrate that LiP oxidizes the hydroquinone (compound III) to the corresponding benzoquinone (II), whereas MnP oxidizes the hydroquinone (III) to produce the benzoquinone (II) and 5-chloro-4-hydroxy-1,2-benzoquinone (X). Thus, the formation of the orthoquinone (X) in culture is probably due to oxidation of compound III by MnP. 2,5-Dichloro-4-methoxyphenol (V) and 2,5-dichloro-1,4-dimethoxybenzene (VI) are apparently the products of the methylation of compound III (Fig. 4) . The results in Table 2 suggest that these reactions are probably catalyzed by a cell-associated methyltransferase(s).
In the (Fig. 4) . The key intermediate, 1,2,4,5-tetrahydroxybenzene, is probably ring cleaved to yield an aliphatic acid that is subsequently metabolized to CO2. The methylation of phenols and hydroquinones by P. chrysosporium cultures has been observed previously during the degradation of various aromatics (24, (31) (32) (33) . Two methylated products, 2,5-dichloro-4-methoxyphenol (compound V) and 2,5-dichlorodimethoxybenzene (VI), are obtained when the hydroquinone (III) is added to cultures. 2,5-Dichloro-4-methoxyphenol (V) is further methylated in culture to produce 2,5-dichloro-1,4-dimethoxybenzene (VI). The methoxyphenol (V) is also oxidized in culture and by MnP to produce 2,5-dichloro-1,4-benzoquinone (II) (Fig. 4) . In contrast, 2,5-dichloro-1,4-dimethoxybenzene (VI) is neither readily metabolized by the fungus nor readily oxidized by LiP. Since metabolically stable 2,5-dichloro-1,4-dimethoxybenzene (VI) does not accumulate in culture with 2,4,5-TCP (I) as the substrate, these methylation reactions are probably not strategic metabolic steps in the transformation of 2,4,5-TCP (I). In addition, methylation of neither 2,4,5-TCP (I) nor 5-chloro-1,2,4-trihydroxybenzene (VIII) is observed under the conditions used. In the fungal system, methylation of phenols probably competes with oxidation reactions catalyzed by peroxidases. Since 2,4,5-TCP (I) is mineralized very rapidly, the methylation reactions observed with other substrates (31-33) apparently do not predominate here.
Our results suggest that P. chrysosporium degrades 2,4,5-TCP (I) by a pathway involving initial oxidative dechlorination of 2,4,5-TCP by either LiP or MnP. Subsequent intra-or extracellular reduction results in the regeneration of a peroxidase substrate (Fig. 4) . This pathway differs somewhat from that described earlier for the degradation of 2,4-dichlorophenol (32) . An important reaction in the current study is the oxidation by MnP of orthochlorinated phenols to their corresponding orthoquinones. This reaction is apparently not catalyzed to a significant extent by LiP. The oxidationreduction cycle described here and previously (31) (32) (33) can be repeated several times and is presumably responsible for the mineralization of this pollutant. Recently, we have identified 2,3,5,6-tetrachloro-1,4-dimethoxybenzene as a P. chrysosporium metabolite of pentachlorophenol (32) , suggesting that a similar pathway may be involved in the degradation of that pollutant.
In the proposed pathway all three chlorine atoms are removed before ring cleavage occurs. Indeed, peroxidasecatalyzed oxidative dechlorination followed by reduction of the quinone product results in the introduction of hydroxyl groups to the aromatic ring, facilitating ring opening. Similar peroxidase-catalyzed oxidative dechlorinations of polychlorinated phenols have been reported (19, 32) . This fungal pathway contrasts with several common bacterial pathways in which phenolic groups are introduced by ring hydroxylation. Ring cleavage of the corresponding chlorocatechol by bacteria could generate toxic acylhalide intermediates (25, 28) . We are attempting to isolate and characterize the enzymes which are implicated by the results of this study.
